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We have systematically investigated the low-temperature 
electron dephasing times t$ in more than 40 three- 
dimensional poly crystalline impure metals with distinct mate- 
rial characteristics. In all cases, a saturation of the dephasing 
time is observed below about a (few) degree(s) Kelvin, de- 
pending on samples. The value of the saturated dephasing 
time to [= t^(T — > OK)] falls basically in the range 0.005 to 
0.5 ns for all samples. Particularly, we find that to scales with 
the electron diffusion constant D as to ~ D~ a , with a close to 
or slightly larger than 1, for over two decades of D from about 
0.1 to 10 cm 2 /s. Our observation suggests that the saturation 
behavior of is universal and intrinsic in three-dimensional 
polycrystalline impure metals. A complete theoretical expla- 
nation is not yet available. 



The issue concerning the saturation of conduction elec- 
tron dephasing time t^(T) in disordered conductors and 
mesoscopic systems has recently attracted renewed theo- 
retical and experimental (5[|| attention. In particu- 
lar, it is of great interest in whether or not the saturation 
of might be universal in all material (e.g., polycrys- 
talline metal, amorphous metal, and MBE-grown semi- 
conductor) systems and in all (zero, one, two, and three) 
dimensions. It is also of importance to ask whether or not 
there might be a common, intrinsic source that causes the 
(almost) universally observed saturation. The interest in 
this issue of the existence or not of a finite conduction 
electron dephasing time at absolute zero temperature is 
closely connected with the concern about the validity of 
the Fermi-liquid behavior, the possibility of the occur- 
rence of a quantum phase transition, and also the feasi- 
bility of quantum computing |j. There are also works 
suggesting that this might explain the long-standing per- 
sistent current problem in metals [ ^p| . In practice, the 
value of T0 can be reliably determined using quantum- 
interference studies J^-|| such as weak-localization effects 
and universal conductance fluctuations. It can also be 
determined using studies of the shape change of the elec- 
tron distribution function upon applying a bias voltage 
across the conductor |pd[ . 

In this work, we have systematically investigated 
the electron dephasing times in numerous three- 
dimensional polycrystalline impure metals. Our samples 
were made of various materials using various fabrication 
techniques at different laboratories. Also, the samples 
were measured at different laboratories at very differ- 
ent times. Our samples considered in this work include 



dc sputtered thick AusoPdso films, dc and/or RF sput- 
tered thick Ag4oPd6o films, dc sputtered thick Sb films, 
thermal-evaporation deposited thick Au^Al films (1.8 < 
x < 2.2), thermal-evaporation deposited thick ScssAgis 
films, and arc- melted Vioo-^ALj alloys (20 < x < 24). 
The thick film samples are typically on the order 4000 
A x 0.3 mm x 17 mm, while the arc-melted samples 
are typically on the order 0.1 x 0.1 x 10 mm 3 . Since 
more than 40 samples are studied, it would not be prac- 
tical to list the material parameters for all the samples. 
However, we notice that all of the samples studied are 
made from very high-purity starting materials obtained 
from reputable suppliers such as Alfa Aesar, Cerac, and 
Goodfellow. Since the major aim of this work is to study 
experimentally whether there might exist a universal be- 
havior of the saturated (or, the zero-temperature) de- 
phasing time To [= T^(r — > OK)], the use of many kinds 
of samples with very distinct characteristics should there- 
fore serve well this purpose. Any behavior of tq common 
for all these materials, if observed, must be a manifesta- 
tion of the very general nature of the zero-temperature 
dephasing time. In addition, we notice two more prac- 
tices regarding our experimental method, (a) Our mea- 
surements of had been performed over a long time 
period of over three years (1997-2000). (b) Our measure- 
ments of T0 were carried out at two different laboratories 
located at two different sites 80 km apart. Neverthe- 
less, the same 3 He fridge and the same electronic measur- 
ing systems (except with different grounding) were used 
for all measurements. Surprisingly, regardless of all the 
above-mentioned very different preparation and measure- 
ment conditions, it is noteworthy that our To measured 
in all samples varies with the electron diffusion constant 
D with a simple power law as tq ~ D~ a , with a close 
to or slightly larger than 1 (see below). Such universal 
behavior could not be just "accidental" and certainly de- 
serves serious theoretical and experimental attention. We 
emphasize that we are concerned with three-dimensional 
polycrystalline metals. It is our opinion that the satura- 
tion behavior (e.g., the functional form of To on disorder) 
is universal for a given dimensionality and a given kind 
of sample (e.g., polycrystalline or well-textured semicon- 
ductor) structure, while it might not be universal over 
different dimensionalities and different sample structures. 

We have measured the low-field magnetoresistances 
at liquid-helium temperatures and compared with three- 
dimensional weak-localization predictions to extract the 
values of t$(T) for our samples. The details of the 
data analysis procedure had been discussed previously 
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jL2j. Here we merely stress that, for every sample stud- 
ied in this work, the three-dimensional weak-localization 
predictions can well describe our experimental measure- 
ments. Thus, 70 can be very reliably extracted. Figure |l| 
shows the total electron dephasing rate t^ 1 as a function 
of temperature for three representative thick Ag4oPdgo 
films with resistivities as indicated in the caption to Fig. 
|l|. The symbols are experimental data and the solid 
curves (emphasizing particularly the low measurement 
temperatures) are the least-squares fits to the form 

r^(T) = r Q - 1 +rr\T), (1) 

where we assume that the total dephasing time comprises 
two terms, with tq being a temperature-independent (i.e., 
the saturated) dephasing time which dominates at the 
lowest measurement temperatures, and t; being the rele- 
vant inelastic scattering time which is usually dominant 
at a (few) degree(s) Kelvin or so and higher, strongly 
depending on samples. One sees that, for every sam- 
ple, t^ 1 first decreases with decreasing temperature in 
the high-temperature part of our measurements. This 
decrease in the total dephasing rate can readily be as- 
cribed to the weakening of the inelastic scattering pro- 
cess with decreasing temperature. That is, t^T 1 is domi- 
nated by Tj _1 and it decreases with weakening T; -1 above 
3 K or so for these particular samples. At lower tem- 
peratures, the inelastic scattering becomes weaker and 
weaker so that tT 1 becomes more and more dominated 
by the temperature-independent t^ 1 . Inspection of Fig. 
|l| reveals that Eq. (1) can well describe the experimen- 
tal data. In fact, in some cases (e.g., Fig. |]J) when the 
saturation of already sets in at a few degrees Kelvin 
high, To can already be determined using essentially the 
measured value at the lowest temperatures. This "advan- 
tage" of (relatively) /iig/i-temperature saturation largely 
reduces the uncertainties in the least-squares fits, making 
the inferred values of the adjusting parameters To and t; 
very reliable. 

Before the recent renewed interest in To , a saturation of 
the electron dephasing time as that shown in Fig. [3] has 
been observed in a good number of experiments, includ- 
ing reduced-dimensional metals |]l3| and semiconductors 
fL4j| . One of the most adopted early explanations pro- 
posed for the observed saturation invokes hot-electron 
effects. However, this kind of explanation can be ruled 
out for our measurements in Fig. ^. In the hot-electron 
picture, it is argued that if the Joule heating caused by 
measurement currents were sufficiently large, the conduc- 
tion electrons would be removed out of thermal equilib- 
rium with the phonon bath. Then, the electron temper- 
ature would be higher than the phonon (lattice) tem- 
perature, resulting in a "roll-over" of at the lowest 
measurement temperatures. Since we are concerned with 
three-dimensional systems in this work, Joule heating is 
negligible in our case. To confirm this assertion experi- 



mentally, we plot in Fig. g the variations of resistivity 
with temperature for those representative thick Ag4oPdgo 
films just considered in Fig. [l]. Comparison examination 
of Figs. ^ and || indicates that the resistivities of the 
samples keep increasing with reducing temperature all 
the way down to our lowest measurement temperatures 
(400 mK), though a saturation in is already seen at 
a much higher temperature (~ 3 K in these particular 
samples). Indeed, the resistivity rises with decreasing 
temperature given in Fig. |^ can essentially be described 
by disorder enhanced electron-electron interaction effects 
p"5[ , suggesting that the temperature of the electron gas 
is the same to the temperature of the lattice. Therefore, 
no appreciable Joule heating was produced in our mea- 
surements. Consequently, the saturation of shown in 
Fig. [l] can not be interpreted in terms of hot-electron 
effects. This is true for all samples studied. 

The central result of this work is plotted in Fig. |[ Fig- 
ure |^ shows a plot of our measured saturated dephasing 
time To as a function of the electron diffusion constant D 
for more than 40 samples made from very different ma- 
terials and prepared with very different fabrication tech- 
niques. Different symbols label different material systems 
as indicated in the caption to Fig. ||. In all cases, the 
samples are three-dimensional with regard to the elec- 
tron phase coherence length yJTJr^. Inspection of Fig. 
H reveals that the saturated dephasing time r for all 
samples falls essentially on the same region in the co- 
ordinates. In particular, it reveals that all that matter 
in determining the value of To is the diffusion constant 
D, regardless of the distinct material characteristics (e.g., 
electronic structures) of the various samples. (It is under- 
stood that the evaluation of the diffusion constant D for 
some metal alloys could probably be subject to an uncer- 
tainty of, e.g., as large as a factor ~ 2, due to the complex 
electronic structures. However, our experimental avail- 
ability of a very wide range of D ensures that even with 
a factor of 2 in the uncertainty of D would not change the 
main conclusion of this work |Tq| .) Close inspection of 
Fig. H indicates that To varies essentially with the diffu- 
sion constant D as To ~ D~ a , with a close to or slightly 
larger than 1, for about two decades of D. As D increases 
from about 0.1 to 10 cm 2 /s (corresponding to the prod- 
uct fcpZ ranging from of order unity to of order 10, where 
kp is the Fermi wave number, and I is the electron elas- 
tic mean free path), To decreases correspondingly from 
about 0.5 to 0.005 ns. In this figure, the straight solid 
line is drawn proportional to D" 1 and is a guide to the 
eye. This observed t ~ D~ a , with a close to or slightly 
larger than 1, is totally unexpected. On the contrary, it 
is often conjectured that To should increase with reduc- 
ing disorder, at least in one and two dimensions km. Until 
now, it is not known exactly how differently the saturated 
dephasing time should behave in different dimensionali- 
ties and in different sample structures. Surprisingly, we 
notice that our observation of an essentially inverse lin- 



2 



ear dependence of tq on D actually implies an essentially 
"constant" saturated dephasing length of \/Dtq ~ 1000 
A in all samples. For comparison, the experimental val- 
ues of tq previously reported by Lin and Giordano |l5| ] 
in thin, polycrystalline AuPd films are also indicated in 
Fig. U by the two vertical bars: the vertical bar at D m 
2.2 cm 2 /s stands for the range of To observed in their dc 
sputtered films, while the vertical bar at D w 23 cm 2 /s 
stands for that in their thermally evaporated films. The 
observation of Fig. |^ is for the first time such a system- 
atic study has been done on so many samples with a wide 
range of diffusion constant. 

One of the most popular (early) explanations for the 
saturation of invokes spin-spin scattering due to the 
presence of a very minor amount of magnetic impurities 
in the sample. This explanation was refuted in many ex- 
periments [p|Jl^1. In the present work, this explanation 
can also be ruled out simply because our samples were 
made from very different high-purity sources obtained 
from various reputable suppliers, and measured at very 
different times. It is hard to conceive that magnetic spin- 
spin scattering due to "accidental" contamination could 
have caused the "systematic" variation of To with D as 
observed in Fig. |[ Moreover, since we are concerned 
with bulk samples, any spin-flip scattering that might 
result from surface effects, such as interfaces, substrates, 
and paramagnetic surface oxidation, can largely be min- 
imized (while surface effects could be significantly more 
important in reduced-dimensional systems). Indeed, as 
mentioned, we do not see a logarithmic Kondo type of 
dependence in resistivity (Fig. |^) in our temperature 
range, strongly ruling out magnetic impurities playing 
any role in our samples. It is also worthwhile pointing 
out in passing that, although it has been widely taken 
for granted for over years that magnetic impurities will 
cause dephasing and produce a temperature independent 
T0 , Webb and coworkers H| have recently ruled out mag- 
netic impurities as the cause of the observed saturation. 

The origin for the observed saturated dephasing time 
given in Fig. ^ is not exactly clear. To our knowledge, 
Altshuler, Aronov, and Khmelnitsky [§,[l7]] have consid- 
ered the dephasing of electron wave amplitudes by high- 
frequency electromagnetic noises. They found that an 
electromagnetic noise can be, on the one hand, already 
large enough to cause dephasing while, on the other hand, 
still too small to cause significant Joule heating of the 
conduction electrons. Unfortunately, in the most effec- 
tive frequency range in causing dephasing, their theory 
predicts a form tq ~ D- 1 / 3 which is in disagreement 
with our experimental observation. Besides, recent ex- 
periments |||l8| has explicitly demonstrated that direct 
dephasing due to radiation could not be the cause of the 
observed saturation. Therefore, we have to turn to other 
explanations, such as, among others, zero-point fluctu- 
ations of the electrons dynamical two level systems 
H , and coherent charge transfer between crystallites [^9) . 



Unfortunately, in terms of the zero-point fluctuations 
theory, we observe, in almost all samples at 500 mK, 
a r already exceeds 3 to 5 orders in magnitude above 
the upper bound set by the theory. [The saturation time 
in three dimensions is given by the zero-point fluctua- 
tions theory as Tq^ — (22 / K 2 h/e 2 )(D 2 / p Vp), where po 
is the residual impurity, and up is the Fermi velocity. See, 
e.g., Refs. fjl§|-] Even worse, the zero-point fluctuations 
theory predicts increasing To with increasing D, oppo- 
site to our observation in polycrystalline impure metals. 
Although an increase of To with increasing mobility has 
been observed in, e.g., semiconductor quantum wires |2C| ] 
and quantum dots jjJD > it i s conceived that the satu- 
ration behavior in polycrystalline impure metals could be 
different from that in well-textured semiconductor quan- 
tum wires and dots. Indeed, it is our opinion that the 
saturation behavior should be universal among polycrys- 
talline impure metals, while different functional forms of 
To on disorder might be expected for different sample 
structures. If this were the case, then the current con- 
cept for zero-temperature dephasing would need major 
redirection. 

In conclusion, we have observed a saturated dephas- 
ing time To on the order of 0.005 to 0.5 ns in more than 
40 three-dimensional polycrystalline impure metals with 
distinct characteristics. Taken many metals and alloys 
together, our result indicates that To varies essentially 
with the electron diffusion constant D as To ~ D~ a , with 
a close to or slightly larger than 1, for about two decades 
of D. It is for the first time such a systematic study has 
been done on so many samples with a wide range of dif- 
fusion constant. A complete theoretical explanation for 
this observation is not yet available. On the other hand, 
our result suggests that the origin for the observed sat- 
uration at low temperatures might not be universal over 
all dimensionalities and all kinds of sample structures. 
If this were the case, then the current concept for zero- 
temperature dephasing would need major redirection. 
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FIG. 3. Variation of saturated dephasing time to with 
electron diffusion constant D for various three-dimensional 
polycrystalline impure metals: AusoPdso (circles), Ag4oPd60 
(squares), Sb (triangles), Au^Al (solid triangles), Sc 85 Agi 5 
(solid squares), and Vioo-mAL (solid circles). The two verti- 
cal bars at D ~ 2.2 and 23 cm 2 /s represent the experimental 
values of to for dc sputtered and thermally evaporated thin, 
polycrystalline AuPd films, respectively, taken from Ref. [13]. 
The straight solid line is drawn proportional to D" 1 and is a 
guide to the eye. 



FIG. 1. Electron dephasing rate 1 as a function of tem- 
perature for three thick Ag4oPdeo films having p(10K) = 119 
(□), 178 (o), and 281 (A) fiQ cm. The solid curves are 
least-squares fits to Eq. (1). 



FIG. 2. Normalized resistivity 

Ap(T)/p(10K) = [p(T) - p(10K)]/p(10K) as a function of 
•Jt for three thick Ag 4 oPd 60 films having p(10K) = 119 (□), 
178 (o), and 281 (x) fiO. cm. 
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Fig. 2, Lin & Kao 
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